The horizontal and vertical distributions of aerosol optical properties over China in 2013-2015 were investigated using RAMS (Regional Atmospheric Modeling System)-CMAQ (Models-3 Community Multiscale Air Quality) simulations and CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) observations. To better understand the performance of the RAMS-CMAQ model over China, comparisons with the ground-based Sun photometers AERONET (Aerosol Robotic Network), MODIS (Moderate Resolution Imaging Spectroradiometers) data and the on-board Lidar CALIOP were used for comprehensive evaluations, which could characterize the abilities of the model to simulate the spatial and vertical distributions of the AOD (Aerosol Optical Depth) as well as the optical properties for four seasons. Several high value areas (e.g., the Sichuan Basin, Taklamakan Desert, North China Plain, and Yangtze River Delta) were found over China during the study period, with the maximum mean AOD (CALIOP:~0.7; RAMS-CMAQ: >1) in the Sichuan district. Compared with AODs of AERONET, both the CALIOP and RAMS-CMAQ AODs were underestimated, but the RAMS-CMAQ data show a better correlation with AERONET (AERONET vs. RAMS-CMAQ R: 0.69, AERONET vs. CALIOP R: 0.5). The correlation coefficients between RAMS-CMAQ and CALIOP are approximately 0.6 for all four seasons. The AEC (Aerosol Extinction Coefficient) vertical profiles over major cities and their cross sections exhibit two typical features: (1) most of the AEC peaks occurred in the lowest~0.5 km, decreasing with increasing altitude; and (2) the RAMS-CMAQ AEC underestimated the region with high AODs in the northwest of China and overestimated the region with high AODs in the east-central plain and the central basin regions. The major difference in the AEC values of RAMS-CMAQ and CALIOP is mainly caused by the level of relative humidity and the hygroscopic growth effects of water-soluble aerosols, especially, in the Sichuan district. In general, both the column and vertical RAMS-CMAQ aerosol optical properties could be supplemented efficiently when satellite observations are not available or invalid over China in the applications of climate change and air pollution.
Introduction
Aerosols in the atmosphere play an important role in global climate change, the radiation balance, and particulate pollution. Aerosols affect climate change via scattering or absorbing solar radiation, which directly impacts the global radiation budget. Aerosol particles acting as cloud condensation nuclei can also indirectly affect the radiation budget by modifying the efficiency of droplet freezing, contributing to the modulation of droplet growth, and changing the onset of precipitation in convective clouds [1] . Aerosol optical properties, such as the extinction, scattering, and absorption coefficients, are major factors that influence these radiative effects [2] . According to the Intergovernmental Panel on Climate Change Fifth Assessment Report (IPCC-AR5), the estimation of aerosol-cloud radiative forcing still carries large uncertainties, and the quantification of aerosols and clouds in climate models continues to be a challenge [3] . One important uncertainty in regional or global climate is derived from the optical properties of the aerosols and their vertical distribution in the atmosphere [4] . Changes in the vertical distribution of aerosols can modify the vertical profiles of the radiative heating in the atmosphere and can further influence the stability of the atmosphere [5] . Performing multi-instrumental measurements to investigate the aerosol optical properties and radiative transfer is efficient in Saharan dust [6, 7] .
Both passive and active satellite sensors can be used for aerosol detection from space. Passive sensors such as MODIS on NASA's Terra and Aqua satellites are based on the modification of the solar radiation field induced by aerosol particles and have been used for decades. Levy et al. introduced the MODIS Collection 6 (C6) algorithm to retrieve the AODs over different surface types and showed the improvements that the C6 algorithm made over both oceans and land [8] . Ginoux et al. presented a global-scale high-resolution map of dust sources based on the MODIS deep blue aerosol products [9] . Kim et al. investigated the seasonal, monthly and geographical variations of columnar aerosol optical properties over East Asia through MODIS, MPL (micro-pulse LIDAR), and AERONET measurements [10] . In recent years, especially since the launch of CALIOP on board the CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) platform in 2006, many studies with focus on the aerosol vertical distribution were published. The CALIOP LIDAR provides active remote sensing both during day and nighttime retrievals to characterize changes in the aerosol and cloud properties. The aerosol subtypes of the CALIOP measurements and the AERONET daily aerosol types were compared by Mielonen et al., and they found that 70% of the CALIOP and AERONET aerosol types were in agreement [11] . Huang et al. investigated the aerosol vertical transport processes in Asia using the CALIOP and surface measurements, and their results showed the dust and pollution moved from the Taklamakan and Gobi deserts to the Pacific Ocean via westerly jets [12] . Chen et al. developed a dust aerosol detection method by combining the CALIOP active Lidar and passive IIR measurements, and this method could significantly reduce misclassification rates to as low as~7% for the active dust season [13] . Still, because of the low signal-to-noise ratios and the low temporal resolution, the wider applications of CALIPSO observations are limited [14] .
The chemistry and transport numerical models are keys to capturing aerosol optical properties and aerosol radiative forcing. In the past decades, some modeling of aerosol distributions and the climate-related aerosol effects has been conducted. Zhang et al. developed the RAMS-CMAQ (Regional Atmospheric Modeling System-Community Multiscale Air Quality) model to analyze the nitrate aerosol concentration distributions of the seasons and regions over East Asia and showed a strong agreement between the model simulations and the observations [15] . Han et al. investigated the aerosol optical properties using RAMS-CMAQ in East Asia, and their modeled AOD results showed a strong agreement with AERONET, CSHNET (Chinese Sun Hazemeter Network) and MODIS observations [16] . Using the WRF-Chem (Weather Research and Forecasting model coupled to Chemistry) model in Mexico City, Li et al. investigated the variations in and spatial distributions of aerosol concentrations, and the WRF-Chem with a non-traditional 2-product secondary organic aerosol (SOA) showed a distinct superiority in predicting organic aerosols [17] . Heald et al. compared the vertical profiles of the atmospheric organic aerosols with the GEOS-CHEM (Goddard Earth Observing System coupled to Chemistry) model-simulated distribution and found that GEOS-CHEM can generally accurately reflect the organic aerosol vertical profiles [18] . However, due to the lack of aerosol vertical profile observations, most of the modeling systems were discussed and validated via column-averages rather than via vertical layered aerosol properties. In addition, many studies of the aerosol vertical distributions are based on ground-based data. So it is worth noting that these studies are limited by the site location.
Here, we used the RAMS-CMAQ data to investigate the column and vertical distributions of aerosol optical properties over China in [2013] [2014] [2015] . To illustrate the applicability of RAMS-CMAQ aerosol parameters in different regions and different seasons, CALIOP, MODIS, and AERONET aerosol observations were employed for comprehensive evaluations. Section 2 describes the RAMS-CMAQ and CALIOP data, and the details of data processing. The results and analysis are shown in Section 3. A comparison of the results of RAMS-CMAQ, CALIOP, and AERONET is given in Section 3.1 to verify the accuracy of the model and satellite results in the area. Sections 3.2 and 3.3, respectively, show the spatial distributions of AOD and the vertical extinction profiles properties. Section 4 is the summary and conclusions.
Data and Methodology

RAMS-CMAQ Data
RAMS-CMAQ Model
The air quality modeling system RAMS-CMAQ has been used to investigate the regional atmospheric pollution and environment issues in many studies [16] . The regional model CMAQs can simulate various chemical and physical processes that are significant for understanding atmospheric trace gas transformation and distribution [19] . The ISORROPIA (Regional Particulate Model and the thermodynamic equilibrium model) were used in this study [20, 21] . RAMS is the highly versatile numerical code applied to provide the meteorological fields for CMAQ. The background meteorological fields and sea surface temperature were obtained from the European Center for Medium-Range Weather Forecasts reanalysis datasets with 1 • × 1 • spatial resolutions.
For the source emissions, the anthropogenic sources included many pollutants, such as SO 2 and nitrogen oxides (NO X ), which were obtained from the 0.5 • × 0.5 • spatial resolution monthly mean inventory that was prepared to support the MICS-Asia II (Model Intercomparison Study Asia Phase II) [22] . The biomass burning emission sources comprise forest burning, savanna/grassland burning and crop residues burning and were provided by the global monthly mean inventory from Advanced Very High Resolution Radiometer satellite monitoring data with 0.5 • × 0.5 • spatial resolutions [23] . The natural hydrocarbon emissions and nitrogen oxide emissions from soil were provided by the Global Emissions Inventory Activity global monthly inventory [24] . Aside from the nitrogen oxides mentioned earlier, the other natural sources of nitrogen oxides were obtained from MICS-Asia II and the Emission Database for Global Atmospheric Research [25] . The dust and sea salt emissions were provided by Han et al. [26] and Gong [27] . The Model of Ozone and Related Tracers (MOZART-4) field data provided the boundary information [28] .
RAMS-CMAQ 550 nm AOD Calculation
Here, the RM (reconstructed mass-extinction) method is employed to calculate the AOD derived from RAMS-CMAQ. The AOD at a specific wavelength is obtained by integrating the aerosol extinction coefficient from the surface to the top of the atmosphere. The extinction coefficient, b ext , is thought of as the following sum:
where b sp is the aerosol scattering coefficient with the unit m −1 , b ap is the aerosol absorption coefficient with the unit m −1 , b sg is the gas scattering coefficient with the unit m −1 , and b ag is the gas absorption coefficient with the unit m −1 . Because the natural oxygen and nitrogen molecules cause the Rayleigh scattering, we neglect b sg in this study. The magnitudes of the gas particulates have insignificant contributions to gaseous absorptions at 550 nm, so we also neglect b ag in this study [29] . The formula used in this study is as follows:
where the top and base are the aim layers' top and base. In this study, we use the RM to get the aerosol scattering and absorption coefficients for the extinction coefficient calculation.
where within the equation brackets are the mass concentration in mg/m 3 . SO are sulfate, nitrate, and ammonium; OM is the organic mass; FS is the fine soil; CM is the coarse mass; and LAC is the light-absorbing carbon. The specific scattering coefficients, 0.003, 0.004, 0.001, 0.0006, and 0.01, in Equation (2) with the unit of m 2 /mg, are based on an assumption of a lognormal particle size distribution [30] . The relative humidity-based aerosol scattering enhancement factor f t (RH) is obtained from the studies of Malm et al. [30] . The previous comparison study of Biswadev et al. showed the feasibility of deriving the aerosol optical property using the RM from the atmospheric model-simulated data [29] .
CALIOP Data
The CALIOP, which is aboard the CALIPSO satellite, is an elastic backscatter LIDAR that transmits polarized laser light at 532 and 1064 nm [31] . The LIDAR signal inversion begins at approximately 30 km above the ground and continues to the surface. Its orbit repeats every 16 days [32] .
The Level 2 aerosol and cloud products V4 (version 4.10) over China from January 2013 to December 2015 are used in this study. V4 represents a substantial advance over V3 and earlier releases; known retrieval artifacts have been eliminated, and numerous enhancements have been incorporated to increase the accuracy of the data while simultaneously reducing uncertainties [33] . Both the daytime and nighttime profiles are obtained. Here, several quality control conditions of the data files are used to filter the data. The atmosphere volume description is used to screen out clouds and to identify bad profiles. CAD (Cloud-Aerosol Discrimination) is used to indicate the confidence of features identified as clouds or aerosols. To identify the cloud-free aerosol features with high confidence, the CAD scores inclusive of −20 and −100 are used. The Extinction_QC_Flag_532 (Ext_QC) summarize the final states of the extinction retrieval. When the Ext_QC = 0 or 1, the profile is regarded as a good one. Each aerosol extinction profile in the Level 2 products has some uncertainty [34] and a profile with an extinction uncertainty score of 99.9 km −1 is regarded as unreliable. Because of the daytime background solar illumination, the Extinction_Coefficient_532 with scores of less than −0.2 km −1 were removed [35] .
Data Processing
All the CALIOP Level 2 aerosol and cloud products (daytime and nighttime), hourly RAMS-CMAQ aerosol componential data, AERONET data and MOD/MYD04 10 km AOD products over China span the period from 2013 to 2015. To investigate the reliability of the CALIOP retrievals and the RAMS-CMAQ simulations, these data were compared with the ground-based sun photometer measurements from AERONET. Because of the gap in the spatial scale between the CALIOP and AERONET observations, and according to the studies of Omar et al. and Liu et al., the AERONET observations within 2 h of the CALIOP overpass were averaged in a circle with a radius of 40 km around each AERONET site [36, 37] . Similarly, the corresponding temporal and spatial ranges of the AERONET and RAMS-CMAQ results were 1 h and 40 km, respectively.
To compare the CALIOP-retrieved data and the RAMS-CMAQ simulations, the satellite data and model data were matched for the CALIOP overpass time. These data were analyzed for four periods: spring (March, April and May, MAM); summer (June, July and August, JJA); autumn (September, October and November, SON); and winter (December, January and February, DJF).
The spatial comparison of the column AOD values from CALIOP and RAMS-CMAQ used the MODIS 10 km AODs as references. Because of the spatial resolutions and the low frequencies of CALIOP, the column AODs from the satellite observations and the model simulations were resampled to a lower resolution (1 • × 1 • grid cell). For a comparison of the vertical information, the CALIOP and simulated vertical profile data height is limited to 10 km [38, 39] . The daily vertical profile information was averaged over the nearest grid cell. The vertical cross sections drawn over the longitude and latitude were derived from consecutive vertical profiles.
Results and Analysis
AOD Validation Using AERONET Data
AERONET AODs with Level 2 and Level 1.5 were used to evaluate the reliabilities of both the CALIPSO observations and RAMS-CMAQ simulations from 2013 to 2015. In this paper, there are seven AERONET sites (i.e., Beijing, Xianghe, Beijing_CAMS, Beijing_RADI, Hong Kong_PolyU, Xu Zhou_CUMT and Hong Kong_Sheung) over China ( Table 1 ). The overall and seasonal comparisons of the AERONET AODs with the CALIOP-retrieved AODs and RAMS-CMAQ-simulated values are shown in Figure 1 . In addition, the corresponding statistical results are listed in Table 2 , including the R, RMSE, mean, slope and intercept for overall and seasonal data. Due to the low temporal resolution and the narrow width of the CALIOP observations, the quantity of selected CALIOP data is much lower than for the RAMS-CMAQ data. Therefore, the CALIOP and RAMS-CMAQ data matched to the AERONET AOD are not in complete agreement in terms of their dates, times and locations. The CALIOP or RAMS-CMAQ data that satisfied the filter rules mentioned in Section 2. According to the seasonal results of the comparison ( Figure 1 and Table 2 ), both the monthly CALIOP-retrieved and RAMS-CMAQ-simulated AODs of the summer show the highest correlations (R = 0.58 for CALIOP and R = 0.78 for RAMS-CMAQ) with the ground-based AERONET measurements. The slopes are 0.536 and 0.277, and the intercepts are 0.147 and 0.186 for RAMS-CMAQ and CALIOP, respectively. The lowest correlation coefficients exist in the autumn, i.e., 0.47 and 0.44 for CALIOP and RAMS-CMAQ, respectively. In most cases, the CALIOP-retrieved AODs are lower, which might be caused by the low temporal resolution and cloud interruption, especially when the AERONET AOD values are larger than 0.5 in the autumn. Moreover, both for the monthly CALIOP-retrieved and RAMS-CMAQ-simulated AODs, the data in the spring and winter are more significantly undervalued than those in the summer and autumn. In addition, both the CALIOP (spring: 0.114, winter: 0.056) and RAMS-CMAQ (spring: 0.046, winter: 0.054) data have large AOD RMSEs. Based on our analysis, the AODs retrieved from the CALIOP observations were smaller than those from the AERONET AOD measurements, which is consistent with the studies of Omart et al. [36, 40] . Although the RAMS-CMAQ-simulated AODs have better agreement with the AERONET AOD values, some underestimates exist over China. significantly undervalued than those in the summer and autumn. In addition, both the CALIOP (spring: 0.114, winter: 0.056) and RAMS-CMAQ (spring: 0.046, winter: 0.054) data have large AOD RMSEs. Based on our analysis, the AODs retrieved from the CALIOP observations were smaller than those from the AERONET AOD measurements, which is consistent with the studies of Omart et al. [36, 40] . Although the RAMS-CMAQ-simulated AODs have better agreement with the AERONET AOD values, some underestimates exist over China. 
Spatial Distributions of AODs
The seasonal spatial distributions of the AODs are shown in Figure 2 . Because of the remarkable differences in the AODs of CALIOP and RAMS-CMAQ over some regions in China, the MODIS 10 km AOD was used as a standard reference to assess the potential for characterizing the spatial distributions using both the CALIOP and RAMS-CMAQ data. According to Figure 2 , the four highlighted regions (i.e., the Sichuan Basin, Taklamakan Desert, North China Plain, and Yangtze 
The seasonal spatial distributions of the AODs are shown in Figure 2 . Because of the remarkable differences in the AODs of CALIOP and RAMS-CMAQ over some regions in China, the MODIS 10 km AOD was used as a standard reference to assess the potential for characterizing the spatial distributions using both the CALIOP and RAMS-CMAQ data. According to Figure 2 , the four highlighted regions (i.e., the Sichuan Basin, Taklamakan Desert, North China Plain, and Yangtze River Delta) with high AOD values are all monitored or simulated by CALIOP and RAMS-CMAQ. In general, comparing the MODIS 10 km AODs with the CALIOP AODs shows that the latter are lower for the four seasons, while the RAMS-CMAQ simulated AODs are higher, especially in the Sichuan Basin.
The Sichuan district (~103 • E,~30 • W) is the region with the greatest differences in the seasonal AODs from CALIOP and RAMS-CMAQ, where the model-simulated AODs are much higher, and the satellite-retrieved AODs are lower. This situation may occur for two reasons. One reason is the complicated geographic location of the Sichuan Basin. The Sichuan Basin is in the middle south of China with a highland in the west of the basin. The complex terrain results in complex weather patterns and increases the complexities of satellite retrievals and model simulations. Large amounts of clouds and aerosols are present in the Sichuan district year round. When we screened the data, only the data without clouds were used. Although the CAD filter was used for the data screening, over-screening also occurred due to the low SNR (signal-to-noise ratio) [41]. CALIOP's low time resolution and the over-screening in the data processing caused the number of effective CALIOP observations to be small, so the simulated AOD values are higher than the CALIOP observed results in some area, especially in the spring, fall and winter. The second reason has to do with the computing method of the RAMS-CMAQ. The model AODs are taken as relative to the particulate concentrations, and some of the particulates have hygroscopic growth. The complex terrain makes the relative humidity and the particulate concentrations in the Sichuan Basin higher than those in other regions. Because both CALIOP and RAMS-CMAQ can provide aerosol component information, different componential AODs were computed to identify the specific aerosol components, introducing large errors to the AOD results. As shown in Figure 2 , the areas with RAMS-CMAQ column AOD values greater than 1 are larger than those of CALIOP and MODIS, especially in the spring, autumn and winter. Compared with the AOD results of CALIOP and MODIS, the RAMS-CMAQ column AODs were overestimated by 0.4-0.6 and 0.15-0.45. In this paper, the CALIOP AODs of clean continental and polluted continental aerosols, which are used as the water-soluble component, were chosen to match the sum of the RAMS-CMAQ AODs of sulfate, nitrate and ammonium (Figure 3) . Figure 3 shows that the RAMS-CMAQ water-soluble AODs are greatly higher in the CALIOP results. The water-soluble AODs of RAMS-CMAQ are approximately 0.4-0.8 higher than those of CALIOP. The CALIOP AOD of smoke aerosols was used to match the RAMS-CMAQ AOD of black carbon, and the sum of the CALIOP AOD of dust and polluted dust aerosols was used to match the RAMS-CMAQ AOD of dust, which is not shown here because of the small differences in these AODs. Figures 2 and 3 show that the differences in the AODs of CALIOP and RAMS-CMAQ over the Sichuan Basin are mainly caused by the AOD of the water-soluble component, which accounts for the largest contribution to the total column AOD. In RAMS-CMAQ, the water-soluble component AOD is largely overvalued. However, the feature of the high AODs in this region is not captured by the water-soluble component AOD of CALIOP.
Atmosphere In eastern China, especially in the North China Plain and Yangtze River Delta Region, the results of the comparison of the CALIOP observations and RAMS-CMAQ simulations are highly relevant. In the middle district, compared with the satellite results, the model results show an overestimation, and such an overestimation obviously occurs in the autumn (SON) and winter (DJF). The study of Liu et al. also proved that the CALIOP seasonal column AOD is lower in the middle of China, especially in the autumn and winter [42] , which may be due to the low time resolution and the low SNR of CALIOP.
In western China, especially in the Taklamakan Desert, the RAMS-CMAQ-simulated seasonal AODs are lower than the CALIOP observations. The seasonal AODs dominated by the dust aerosols over the desert region are much larger than those over the other areas in western China. This phenomenon is obvious in the desert area, especially in the spring (form March to May), as is shown In eastern China, especially in the North China Plain and Yangtze River Delta Region, the results of the comparison of the CALIOP observations and RAMS-CMAQ simulations are highly relevant. In the middle district, compared with the satellite results, the model results show an overestimation, and such an overestimation obviously occurs in the autumn (SON) and winter (DJF). The study of Liu et al. also proved that the CALIOP seasonal column AOD is lower in the middle of China, especially in the autumn and winter [42] , which may be due to the low time resolution and the low SNR of CALIOP.
In western China, especially in the Taklamakan Desert, the RAMS-CMAQ-simulated seasonal AODs are lower than the CALIOP observations. The seasonal AODs dominated by the dust aerosols over the desert region are much larger than those over the other areas in western China. This phenomenon is obvious in the desert area, especially in the spring (form March to May), as is shown in Figure 2 [16] . A similar tendency is also shown in the RAMS-CMAQ simulation results, although the RAMS-CMAQ-simulated AOD values are lower compared to the observed results.
To quantitatively evaluate the column AOD results of CALIOP and RAMS-CMAQ, scatter diagrams are shown in Figure 4 . Although the RAMS-CMAQ 550 nm AOD is generally slightly higher, there is a strong agreement between the CALIOP measurements and model simulations. In addition, most of the AODs of both CALIOP and RAMS-CMAQ focus on the ranges of 0-0.3 for the four seasons. As shown in Figure 4a in Figure 2 [16] . A similar tendency is also shown in the RAMS-CMAQ simulation results, although the RAMS-CMAQ-simulated AOD values are lower compared to the observed results. To quantitatively evaluate the column AOD results of CALIOP and RAMS-CMAQ, scatter diagrams are shown in Figure 4 . Although the RAMS-CMAQ 550 nm AOD is generally slightly higher, there is a strong agreement between the CALIOP measurements and model simulations. In addition, most of the AODs of both CALIOP and RAMS-CMAQ focus on the ranges of 0-0.3 for the four seasons. As shown in Figure 4a 
Vertical Distribution of Extinction Properties
Vertical Extinction Profiles of the Major Cities of China
The AEC profiles from the CALIOP retrievals are used to evaluate the ability of RAMS-CMAQ to characterize the vertical distributions of aerosols in China. 
Vertical Distribution of Extinction Properties
Vertical Extinction Profiles of the Major Cities of China
The AEC profiles from the CALIOP retrievals are used to evaluate the ability of RAMS-CMAQ to characterize the vertical distributions of aerosols in China. The seasonal AEC profiles obtained from the RMAS-CMAQ model are shown to be underestimated when compared to the satellite observations over the Taklamakan Desert area (Figure 5m-p) , which is similar to the results of the AODs. In this region, the maximum CALIOP seasonal AECs are approximately 0.2 km −1 and occur near the surface. In the spring, the CALIOP SDV is much greater than that of RAMS-CMAQ at the altitudes of 1.5 km-1.9 km. The maximum CALIOP SDV value reaches 0.6 km −1 , which is much greater than that of RAMS-CMAQ (approximately 0.2 km −1 ). Moreover, the CALIOP seasonal AEC changes significantly with decreasing altitudes, which is not well simulated by RMAS-CMAQ. For Urumchi and Lhasa, both the vertical distributions and the magnitudes of the seasonal RMAS-CMAQ AECs are consistent with the CALIOP AECs due to the low levels of air pollution in western China. The seasonal vertical profiles of the AECs in Shenyang (northern China, Figure 6a Overall, the maximums in the AEC profiles are mainly located in the lowest atmosphere over the eastern region of China. For most regions of China, RAMS-CMAQ could provide acceptable AEC profiles, even over the Tibetan Plateau. Because of the complex air pollution conditions in the Sichuan Basin, the worst performance of the AEC profile simulations of RAMS-CMAQ is in this region, and when compared with the satellite observations, the RAMS-CMAQ results are largely overestimated. For the SDVs of the AEC profiles, the high values are almost all focused at heights ranging from the land surface to 1.5 km, and the model-simulated SDVs are smaller than the satellite-derived SDVs. (Figures 7 and 8) . Note that the selected longitudes and latitudes cross many of the typical economic regions, including the Beijing-Tianjin-Hebei region and Yangtze River Delta region, and cover many regions with different terrains, such as the Tibetan Plateau, the North China Plain, and the Sichuan Basin. Therefore, the cross sections of the AEC profiles in Figures 7 and 8 could largely describe the general characteristics of the AEC vertical distributions over China. Figures 9 and 10 The above comparison of the CALIOP retrievals and the RAMS-CMAQ simulations demonstrates that the model is generally able to reproduce the major features of the AEC distributions over China in both the horizontal and vertical directions. Compared with the CALIOP cross sections, the areas underestimated by RAMS-CMAQ are mainly focused in western China, while the higher areas are focused in the east-central plains and central basin. The above comparison of the CALIOP retrievals and the RAMS-CMAQ simulations demonstrates that the model is generally able to reproduce the major features of the AEC distributions over China in both the horizontal and vertical directions. Compared with the CALIOP cross sections, the areas underestimated by RAMS-CMAQ are mainly focused in western China, while the higher areas are focused in the east-central plains and central basin. 
Conclusions
The air quality modeling system RAMS-CMAQ and CALIOP data were used in this paper to investigate and evaluate the three-dimensional distribution of the aerosol optical properties over China in [2013] [2014] [2015] 
The air quality modeling system RAMS-CMAQ and CALIOP data were used in this paper to investigate and evaluate the three-dimensional distribution of the aerosol optical properties over China in [2013] [2014] [2015] The above comparison of the CALIOP retrievals and the RAMS-CMAQ simulations demonstrates that the model is generally able to reproduce the major features of the AEC distributions over China in both the horizontal and vertical directions. Compared with the CALIOP cross sections, the areas underestimated by RAMS-CMAQ are mainly focused in western China, while the higher areas are focused in the east-central plains and central basin.
The air quality modeling system RAMS-CMAQ and CALIOP data were used in this paper to investigate and evaluate the three-dimensional distribution of the aerosol optical properties over China in [2013] [2014] [2015] The cross section of the AEC values and profiles in the vicinity of some of the major cities in China showed the similar tendencies of the satellite profiles and model profiles. In addition, two typical features are quite obvious: most of the AEC peaks occurred near the surface, at~0.5 km above the ground, and decrease with increasing altitudes, as observed over Beijing and Shanghai; and the RAMS-CMAQ AECs underestimated the areas of focus of northwestern China (approximately 0.1 km −1 less than the satellite observations) and overestimated the areas of focus over the east-central plain and the central basin (approximately 0.3 km −1 greater than those observed by the satellite) near the ground. The high SDVs (approximately 0.2 km −1 -0.6 km −1 ) mostly occurred at 1.5 km above the surface. Longitude/latitude-altitude cross sections of AECs from RAMS-CMAQ and CALIOP showed the major features of the vertical AEC distribution over the typical areas of China. Combined with the previous analyses, we find that the AEC values are dependent on both the particle concentrations and relative humidity and are more obvious in the model results.
Generally, the space-based Lidar CALIOP measurements provided the AOD values and aerosol optical properties in three dimensions, which were excellent datasets for the validation and interpretation of model results. The AOD spatial distributions of CALIOP and RAMS-CMAQ were largely the same in most cases. The vertical profile of AEC is dependent on the profiles of both the aerosol concentrations and relative humidity levels. Both the column and vertical RAMS-CMAQ aerosol data are beneficial: in case satellite data observations are missing or invalid, these two data sources could be used as an efficient and effective supplement. The effects of water uptake and internal mixture should treated using Kohler theory and Maxwell-Garnett mixing rule respectively, which will be added in the scheme of RAMS-CMAQ by Dr. Xiao Han to improve the simulation accuracy of aerosol optical properties.
